Arrays of up to six broadband suction cup hydrophones were placed on the forehead of two bottlenose dolphins to determine the location where the beam axis emerges and to examine how signals in the acoustic near-field relate to signals in the far-field. Four different array geometries were used; a linear one with hydrophones arranged along the midline of the forehead, and two around the front of the melon at 1.4 and 4.2 cm above the rostrum insertion, and one across the melon in certain locations not measured by other configurations. The beam axis was found to be close to the midline of the melon, approximately 5.4 cm above the rostrum insert for both animals. The signal path coincided with the low-density, low-velocity core of the melon; however, the data suggest that the signals are focused mainly by the air sacs. Slight asymmetry in the signals were found with higher amplitudes on the right side of the forehead. Although the signal waveform measured on the melon appeared distorted, when they are mathematically summed in the far-field, taking into account the relative time of arrival of the signals, the resultant waveform matched that measured by the hydrophone located at 1 m.
I. INTRODUCTION
1 The forehead of a dolphin is a complex structure with the upper jaw bone, air passages, air sacs, connective tissues, and a bulbous melon that is comprised of translucent lipid very rich in oil, and is referred to as "acoustic fat" ͑Varanasi and Malin, 1971͒. Only in the melon and lower jaw can this lipid material be found. Wood ͑1964͒ was one of the first to suggest that the fatty melon of the dolphin's forehead may be used to couple sounds from inside the animal's head into the water. Varanasi and Malin ͑1971͒ were among the first to study the chemical composition of the melon lipid; they found that it was composed mainly of triacylglycerol and wax esters. Since then, a number of studies have been performed on the chemical, acoustical, and mechanical properties of melon lipids for a variety of odontocete species ͑Blomberg, 1974; Litchfield et al., 1971; Malin, 1971, 1972͒ . The topography of lipid fractions is thought to be at the functional apex of the refractive process in the beam formation ͑Norris, 1968͒. Sound velocity measurements of tissue samples from a dolphin melon indicated a graded sound velocity profile, with a low-velocity core near the midline of the melon and increasing velocity outwards toward the surface of the melon ͑Litchfield et al ., 1979; Norris and Harvey, 1974͒ . A low-density core that likely corresponds to the low-velocity pathway through the melon has been shown in X-ray computer tomography ͑CT͒ scans ͑Cranford, 1988; Cranford et al., 1996͒ . Sounds propagating in an inhomogeneous sound velocity structure will be governed by Snell's law so that as sound propagates through a medium of changing sound velocity, the sound will refract or bend toward the lower velocity region ͑Urick, 1983͒.
Although the melons of dolphins have a graded sound velocity and density profile, the mathematical modeling by Aroyan et al. ͑1992͒ suggest that the skull and air sacs were the dominant factor in shaping the beam. They go on to further state that melon could produce only mild focusing and by itself could not be responsible for the dolphin's highly directive beam.
Au ͑1993͒ simultaneously measured the echolocation signals on either the melon or rostrum of a bottlenose dolphin (Tursiops truncates) and at 1 m from the site of the sound generator. They found the signals measured at the melon to consist of the direct and secondary interferences from the clicks reflecting off internal surfaces of the forehead. These interferences did not exist in the data obtained by Au et al. ͑2006͒ using four suction cup hydrophones to examine the acoustic field on the forehead of two echolocating harbor porpoises (Phocoena phocoena). However, there are some major differences in the echolocation signals used by harbor porpoise and bottlenose dolphins. The bandwidth of the echolocation signals of Phocoena phocoena are narrower ͑ϳ10-15 kHz͒ compared to about 30-60 kHz for Tursiops truncates, and the signals are projected in a wider beam of approximately 16°compared to 10°͑3 dB beamwidth͒ for Tursiops truncates ͑Au, 1993͒. Furthermore, the signals do not undergo much distortion as a function of angle about the porpoise head within Ϯ20°͑Au et al., 1999͒. For Tursiops truncates the signals were considerable distorted when measured at Ϯ20°from the beam axis in both the vertical and horizontal planes ͑Au, 1993͒. Au et al. ͑2006͒ also found that the beam emerged from the porpoise head approximately 5.6-6.1 cm from the edge of the animal's upper lip along the midline of the melon, and this location coincided with a pathway extending from the phonic lips through the axis of the low-density/low sound velocity lipid core of the melon. Unfortunately, Au et al. ͑2006͒ did not place any hydrophones at locations far from the midline of the porpoise's head where the beam emerged to consider the role of air sacs.
The objectives of this study were to determine the location on the bottlenose dolphin forehead where the beam axis emerges and to determine the relationship between this location and the low-velocity axis of the melon. The role of air sacs in the focusing of the beam will also be considered. The amplitude distribution of the acoustic pressure of echolocation signals on the forehead was also determined along with the relationship of signal waveforms measured on the forehead with signals in the far-field at 1 m from the tip of the rostrum.
II. EXPERIMENTAL PROCEDURE

A. Echolocation task
The study was conducted at the Space and Naval Warfare Systems facility in San Diego Bay, where bottlenose dolphins are housed in floating pens. The experimental geometry was described by Moore et al. ͑2008͒ in which the dolphin, Heptuna, was trained to station on a submerged biteplate, as shown in Fig. 1 to perform an echolocation task. A second dolphin by the name of Bugs was also used in this study. The target was either a 17.4 cm diameter stainless steel water-filled sphere or a hollow aluminum cylinder with a height of 17.8 cm, outer diameter of 7.6 cm, and a wall thickness of 9.5 mm. After stationing on the bite plate, the subject began echolocating immediately after an acoustically opaque screen ͑1.1ϫ 0.9 m 2 , 12.7 mm sheet-PVC coated with 6.3 mm closed cell neoprene͒ situated 23 cm beyond the biteplate was raised, using a pulley. A larger sheet of visually opaque polyethylene ͑0.4 mm thick͒ attached to a waterflooded 1/2 in. PVC pipe frame was fixed directly behind the acoustically opaque screen to prevented visual inspection of the target condition. The animal's position on the bite plate was monitored with a television ͑TV͒ camera directly above the bite plate and a TV monitor in the electronic shack. A trial began by placing the suction cup hydrophones in a prearranged pattern on the forehead of the dolphin and having the dolphin station on the bite plate. A go/no-go experimental paradigm was used, in which the subject was trained to back off the bite plate and touch the response paddle to report a target present or go condition. The dolphin had 5 s from the time the screen was raised to touch the response paddle for a target present response. For a target absent or no-go response, the dolphin had to remain on the bite plate for 5 s after the target screen was raised. Correct responses were reinforced with a fish reward, and no reinforcement was provided for incorrect reports. An equal number of target present and absent trials was conducted each session. Trials were presented in a random order according to a modification of the Gellerman series ͑Gellerman, 1933͒. An equal number of target present and target absent trials was used throughout the experiment. If the suction cups remained firmly on the animal, the next trial would commence with the suction cups left in place. The majority of the trails were conducted with the target directly in front of the animal at a range of 9 m.
B. Hydrophone geometry
Up to six specially constructed "suction cup" hydrophones were used to measure echolocation signals, a technique first used by Diercks et al. ͑1973͒ . Four of these hydrophones were the same as the ones used by Au et al. ͑2006͒ . Each hydrophone consisted of a cylindrical lead zirconate titanate ͑PZT͒ piezoelectric element similar to the elements used in the Brüel and Kjaer 8103 hydrophones, but enclosed within a suction cup constructed of degassed polyurethane compound ͑Uralite 3138͒. Each piezoelectric cylin- der had an outer diameter of 6.35 mm, a wall thickness of 1.15 mm, and a height of 6.35 mm. The diameter at the base of a suction cup when attached to the porpoise measured 2.8 cm. A Reson TC4013 was always located directly in front of the animal at a range of 1.2 m from the assumed source, with the phonic lips just below the anterior portion of the blow hole ͑Cranford, 2000͒. The suction cup hydrophones were calibrated in a test tank from 30 to 100 kHz, and the individual sensitivity results were used to determine the sound pressure levels of the recorded signals.
Four arrangements of the suction cup hydrophones were used in this project. The first and simplest configuration consisted of five hydrophones arranged as a linear array along the midline of the dolphins' forehead, as shown in Fig. 2͑a͒ . The individual hydrophones were identified by different color shrink tubings on the coaxial cable emanating from the suction cups. Hydrophone B with the white shrink tubing was always located on the midline of the forehead with the base of the suction cup at the intersection of the forehead and rostrum, commonly referred to as the rostrum insertion. Hydrophone C was always located next to the "white" suction cup, higher up the forehead with the base of the two suction cups touching each other. Having these two suction cups always at the same locations aided in positioning the other hydrophones relatively consistently from trial to trial and between the two dolphins. Hydrophone B was located with one edge touching the rostrum insertion. The edge of hydrophones C was in contact with the edge of hydrophone B, and the edge of hydrophone D touched the edge of hydrophone C. There was an empty spot that was 5.6 cm ͑two suction cup width͒ between hydrophones D and E, and a similar empty space between hydrophone E and F. This array configuration was referred to as the linear array. Modified linear-array sessions denoted as linear-R sessions were also conducted, in which a hydrophone was placed on the rostrum instead of location F.
The second hydrophone arrangement consisted of six suction cups wrapped around the forehead with the base of each cup touching the crease at the rostrum insertion as well as each other, as shown in Fig. 2͑b͒ . This arrangement was referred to as curve-1 configuration. The third arrangement of hydrophone consisted of six suction cups wrapped around the forehead but at one suction cup distance ͑2.8 cm͒ above the previous arrangement and touching each other, as shown in Fig. 2͑c͒ . This arrangement was referred to as the curve-2 configuration. The fourth arrangement consisted of four of the suction cup hydrophone placed higher up the melon toward the blowhole and spaced evenly about the midline of the melon, as shown in Fig. 2͑d͒ . This fourth arrangement was referred to as the curve-3 configuration. With these four arrangements for the suction cup hydrophones, the amplitude distribution about the forehead of the dolphins could be determined.
Each hydrophone was coupled to an analog in-line filter amplifier Reson VP-1000 set for 20 dB of gain and with bandpass filter setting from 10 to 150 kHz. The clicks recorded on all channels were simultaneously digitized and stored to a personal computer using a 32-channel Interactive Circuits and Systems Limited analog to digital converter using a 312.5 kHz sample rate per channel, 16 bit resolution, and 16 Mbytes/s transfer rate. Data were collected for a period of 5 s from the start of each trial, which was sufficient time for the dolphin to echolocate and make a decision regarding the presence of the target.
III. RESULTS
Linear array. An example of the waveform and frequency spectrum of the signals measured by each hydrophone in the linear-array geometry for Heptuna is shown in Fig. 3 . The hydrophone locations are denoted by alphabets, as shown in Fig. 3͑a͒ for the linear hydrophone geometry. The bottom panel was from the hydrophone 1 m from the tip of the dolphin rostrum and represents the echolocation in the far-field of the dolphin's head. Note that in the far-field, the peak frequency ͑frequency at which the energy peaks͒ was approximately 53 kHz and that none of the signals measured by the hydrophones on the melon had a peak frequency that was close to the far-field peak frequency. The contact hydrophone at location D measured a signal with a peak frequency slightly over an octave higher ͑110 kHz͒ than the signal in the far-field and seemed to the result of interference caused by the clicks traveling along different pathways and meeting at location D. The delay of the click traveling along a longer pathway is such that summation caused the peak frequency to shift to a higher value than for the signals measure by the other hydrophones. The amplitude scale for all the signals measured on the forehead was the same so that the differences in the peak-to-peak amplitude can be readily seen. A different scale was used for the signal measured at 1 m, which was usually about 0.3 times lower than the amplitude at location C. This arbitrariness in scaling the amplitude of the signal at 1 m was done so that the waveform of the signal could be more readily seen with respect to signals measured on the forehead. The signals in Fig. 3 clearly shows that the signals measured by the different hydrophones were different from each other in both the time and frequency domain. The ripples in the frequency spectra are indicative of multipath propagation, combining the direct signal and reflected signal from internal features within the forehead ͑Au, 1993͒. Such multipath propagation was not evident in the harbor porpoise ͑Au et al., 2006͒. Unfortunately, we did not compute the frequency spectra for the signals measured by the four hydrophones in the linear geometry in the harbor porpoise measurements. However, the waveforms did not show any evidence of multipath propagation. All the waveforms had very similar shape except for their amplitude. Perhaps the narrowband nature of the harbor porpoise echolocation clicks did not have sufficient resolution to be able to see the effects of multiple arrival at any of the hydrophones.
The mean and standard deviation of peak-to-peak sound pressure levels ͑SPLs͒ measured at the various locations on the forehead and at 1 m from the tip of the rostrum for Heptuna are shown in Fig. 4͑a͒ and in Fig. 4͑b͒ for Bugs. The vertical dashed lines indicate the locations where the two highest levels were measured. For Heptuna ͓Fig. 4͑a͔͒ the means of the amplitudes measured by the hydrophones at positions C and D were not significantly different ͑2t-test, p = 0.05͒ so that the position where the maximum peak-topeak amplitude can be considered to be somewhere between locations C and D. For Bugs, the maximum amplitude of the echolocation signal was measured by hydrophone C. The mean amplitudes measured by the hydrophones C and D were significantly different ͑2t-test, p Ͻ 0.001͒ so that the beam axis can be considered to be close to location C.
In the linear-R sessions ͓Figs. 5͑a͒ and 5͑b͔͒ the maximum SPL was always at location C for both dolphins; however, the means of the amplitudes measured by the hydrophones at positions C and D for Heptuna were not significantly different ͑2t-test, p = 0.05͒. The maximum SPL for Bugs was also measured by hydrophone C, and mean amplitudes measured at locations C and D were significantly different ͑2t-test, p Ͻ 0.001͒. The peak-to-peak SPL at the rostrum was 4.5 dB greater than the SPL at location C for Heptuna and 4.6 dB for Bugs. This is consistent with the results of Au et al. ͑1978͒ in which the hydrophone on the rostrum measured a higher amplitude than when that hydrophone was placed on the melon. However, the pathway to the hydrophone on the rostrum is not obvious. Signals measured at the rostrum had the highest amplitudes for both dolphins. It is difficult to tell whether the signals at the rostrum were the results of body borne waves or the results of signals radiated out of the forehead and being reinforced at the position of the rostrum. There is also the possibility that the signals at the rostrum were a combination of water-borne and tissue-borne pathways. Unfortunately, it is not obvious why the amplitudes at the rostrum were higher than at any of the other locations either on the forehead or at 1 m.
The results of Figs. 4 and 5 also indicated that Heptuna emitted higher amplitude signals than Bugs by 11-15 dB, as measured by the hydrophone at 1 m, and between 13 and 18 dB for hydrophone C on the forehead. In the study of Au et al. ͑1978͒ , the hydrophone on the forehead of a bottlenose dolphin measured a peak-to-peak sound pressure level that was approximately 2 dB lower than at 1 m. The results in this study for the hydrophone at location F ͑which was approximately at the same location for the measurement of Au et al., 1978͒ showed a 1 dB difference for Heptuna and a 4 dB difference for Bugs, indicating a consistency between this and the previously study.
Curved array. The peak-to-peak SPL measured by the hydrophones in the curve-1 configuration are shown in Fig.  6 . The relative positions of the hydrophones are shown on top of the CT scan that consisted of a horizontal slice of the melon at approximately the same plane of the five hydrophones that were position below hydrophone C. The results obtained with the hydrophone at C were not included in the graph so that the amplitudes along the same plane above the rostrum insertion could be displayed. The hydrophone at B, which was along the midline of the forehead, measured the highest amplitude signals, while the amplitudes measured by the hydrophones off the midline dropped off by approximately 7 dB on the starboard side for Heptuna and about 12 dB for the hydrophone at location G and about 10 dB for the hydrophone at location H. The drop off for Bugs was nearly the same for all the hydrophones off the midline, approximately 15 dB.
The SPL measured further up the forehead by the hydrophones in the curve-2 configuration are shown in Fig. 7 . Hydrophone C at the midline measured the maximum values and was consistent with measurements for the curve-1 geometry. There was an asymmetry in the amplitude of the signals measured by the hydrophones located away from the midline, with the amplitude on the right side being about 8 dB higher than the amplitude of the signal measured on the left side. The shape of the graphs displaying the results for both dolphins was very similar with the SPL on the right side being nearly the same and slightly lower than the SPL at the midline and the SPL on the left side also being nearly the same but with a greater drop off. The amplitude of Heptuna's signals measured in the curve-1 and curve-2 array configurations were relatively similar in value.
Curve 3 array geometry consisted of four hydrophones being located at a considerable distance from the beam axis. This geometry was used to obtain amplitude information away from the beam axis and provide amplitude distribution information over a large section of the forehead. The results are shown in Fig. 8 , and as could be expected the hydrophone at the midline of the dolphin forehead recorded the highest amplitude signals with the amplitudes dropping off considerably away from the midline. For Heptuna, the two hydrophones on the right measured amplitudes that were 17 and 25 dB lower, respectively, than for the hydrophone at location C. The two hydrophones on the left side measured amplitudes that were 23 and 16 dB lower, respectively, than the hydrophone at location C. For Bugs, the two starboard hydrophones measured amplitudes that were 17 and 21 dB, lower, respectively, than for the hydrophone at location C. The two hydrophones on the left side measured amplitudes that were 27 and 21 dB lower, respectively, than the hydrophone at location C.
Amplitude distribution. All the results from the various hydrophone geometry can now be used to infer or estimate the typical acoustic amplitude distribution on the forehead of an echolocating dolphin. In order to do this the amplitude from the hydrophone at location C was chosen as the reference hydrophone, and all the relative amplitude in dB of the signals measured by each hydrophone was referenced to hydrophone C on a click to click basis. Then the means of each of the relative differences were computed. The results of this calculation are shown in Fig. 9 for both dolphins. There is a right side bias to the amplitude distribution that is more obvious from the results obtained with Heptuna. For the purpose of this paper, the area inside of the dashed curve can be considered the area of maximum acoustic amplitude of echolocation signals. The amplitudes on the right side of Heptuna's forehead do not drop off nearly as rapidly as the amplitude on the port side. This right side bias is not as obvious for Bugs since the amplitudes dropped off very rapidly on both sides of the Bugs forehead with distance from the midline. Therefore, the area of higher relative amplitudes ͑0-5 dB͒ is larger for Heptuna in comparison with Bugs. The large differences in the amplitude distribution suggest anatomical differences in both the shape and perhaps the gradient of the sound velocity profile in the melon of both dolphins. It is also important to note that signal amplitudes to the side of the forehead were very low, Ϫ17 to Ϫ28 dB lower than the amplitudes measured by the reference hydrophone. This suggest that sounds may be channeled by reflective processes by the air sacs.
Signal reconstruction. The mean and standard deviation of the time delay in s between the signal received by the hydrophone at location F and the other hydrophones on the forehead at each location are shown in Fig. 10 for Heptuna and Fig. 11 for Bugs. The time delays associated with locations for the hydrophones at locations C, D, and E are very similar between the two animals, being at most only 2 difference. However, at location B, there was a 6 s differ- ence in the time delay between Heptuna and Bugs. The differences in the time delay between Heptuna and Bugs were probably caused by anatomical differences rather than inaccurate placement of the hydrophones. Although the forehead of a dolphin is very smooth with very few landmarks including skin coloration, the process of always having one hydrophone on the midline with one edge touching the rostrum insertion ͑location B͒ and a hydrophone at location C also on the midline with its edge touching the hydrophone at location B helped to minimize errors in hydrophone placement. Therefore, a single hydrophone could be repeatedly placed at the same location with an accuracy of approximately Ϯ0.25 cm.
In both Figs. 10 and 11 are examples of a single echolocation signal measured by the various hydrophones on the animals' forehead. The time delay and amplitude of the signals were preserved in these two examples. Although the signals arrived at location F first before entering into the water the signals at location F have a longer propagation path to the hydrophone at 1 m. The signals at locations E to B arrived in sequence and with a progressively shorter propagation distance in the water to the hydrophone at 1 m. The signal that arrived at 1 m will be a summation of all the signals. In actuality, the signal in the far-field is the sum of the signal being radiated over the entire surface of the forehead. In order to gain an appreciation of the summation pro- cess, the signal at each location was delayed relative to the signal measured at location F and then summed to produce the composite signal shown in both Figs. 10 and 11. This process can be visualize as having the signals measured at each location shifted toward the left by the amount of delay shown for each signal in the two figures. The important point is that the signal measured on the forehead appear distorted in relationship to the signal measured in the far-field at 1 m. However, as the signal propagated into the far-field of the dolphin's head the composite signal resembled the signal measured at 1 m. The signals measured at 1 m were typically 7-10 dB lower in amplitude than those measured at location C ͑see Fig. 3͒ , and so its waveform along that of the composite signal was not plotted according to scale, otherwise the comparison between the composite and the far-field signal would be difficult to visualize.
IV. DISCUSSION AND CONCLUSIONS
Section I was devoted mainly to the role of the melon in the focusing of acoustic signals generated by the phonic lips. However, the results obtained in this study especially with the hydrophones that were placed on the side of the forehead ͑see Fig. 9͒ suggest that the signals are first focused by the air sacs in the head and the focusing is refined by the sounds propagating through the melon. The geometry of the air sacs and their relative positions are particular difficult to described. Gurevich ͑1980͒ developed a mold cast technique, in which the shape of the air sacs in the nasal system of dolphins could be reproduced by injecting a casting material into the different nasal sacs ͑Ridgway, 1983͒. Nakamura et al. ͑1998͒ used RTV silicon and injected it into the air sacs of a common dolphin, Delphinus delphis. The silicon cast of Nakamura et al. ͑1998͒ is shown in Fig. 12͑a͒ . They did not inject the silicon into the left nasofrontal sac and the left nasofrontal sac in the figure is our estimate of what it would look like. The positions of the phonic lips were also estimated by Ridgway ͑personal communication͒. An example of one of Gurevich's casts for Tursiops truncates is shown in Fig. 12͑b͒ , while a schematic showing the relative position of important structures in the forehead of a Delphinis Delphis is shown in Fig. 12͑c͒ . Although the phonic lips are approximately 2-3 cm below the surface of the blowhole in the posterior portion of the forehead, our data show that most of the energy in echolocation clicks enter into the water at the anterior portion of the forehead, and very little energy is radiated from the sides and top of the forehead close to the location of the phonic lips. This characteristic strongly suggest that focusing by the airsacs and bony structures as well as diffraction within the melon is taking place. If we consider the photograph of Gurevich's cast taken from the perspective of the melon looking back toward the nasal system, one can imagine a parabolic dishlike reflective structure that would direct the acoustic energy forward rather than any other directions. However, the exact propagation pathways are not known. There is the distinct possibility that the role of the melon may be more of an impedance matching structure to efficiently allow sounds to enter into the water but yet have some focusing function.
Most of our understanding of sound propagation within the head of dolphins comes from the numerical simulation work of Aroyan et al. ͑1992͒ , which indicate that air sacs and bony structure are important to the transfer of energy from the phonic lips to the anterior portion of the forehead. Even the numerical simulation results of Aroyan does not convey the total picture. First of all, Aroyan technique assumed a continuous tonal source, and second, the CT scans were from deceased animals so that the shape and size of the different airsacs were approximated. With tonal signals, interferences from components of the signals reflecting off the various surfaces in the forehead will not cause a change in the frequency, as was found for the broadband signal ͑see Figs. 3, 10, and 11͒.
The results from the linear array indicated that the region of maximum acoustic pressure on the surface of a dolphin's forehead was approximately 5.6 cm above the rostrum insertion, close to the midline of the forehead for Heptuna, and 4.2 cm above the rostrum insertion for Bugs. These two regions of maximum acoustic pressure was consistent between the two animals, and also consistent with the results from both linear-array measurements shown in Figs. 4 and 5. The small difference in the location of the maximum acoustic pressure could be attributed to anatomical differences in the forehead structure between the two dolphins. The point along the midline of the forehead, where the maximum acoustic pressure was measured, was directly forward of the low-density core measured by Norris and Harvey ͑1974͒. As with the study of Au et al. ͑2006͒ with harbor porpoises, the results of this study strongly support the hypothesis of Norris ͑1968͒ that sounds produced by the phonic lips propagate through the melon most effectively along the low-velocity core that is positioned almost in the middle of the melon. That the sounds are focused by the low-velocity core can be seen in the amplitude distribution graphs shown in Fig. 9 . However, the results of this study also suggest that the air sacs may play a big role in the acoustic signals being projected toward the front of the animals rather than toward the sides and top of the animals forehead. The acoustic amplitudes dropped off quickly away from the midline, especially on the left side for both dolphins.
The asymmetry in the amplitude distribution on the dolphin's forehead can in part be attributed to the asymmetry in the size of the nares and the region that support the premaxillary sacs rest. The size of the port nares and the region supporting the premaxillary sacs are larger on the right side than the left side. Furthermore, the nares and premaxillary areas seem to be rotated slightly counter-clockwise ͑looking back from the tip of the rostrum͒ a few degrees. Nakamura et al. ͑1998͒ with their silicon reconstruction found that the left premaxillary sac had a smaller surface area than the right premaxillary sac. These anatomical differences can certainly affect how sounds propagate within the head to form the asymmetrical amplitude distribution on the forehead. The tilted orientation and difference in size of the premaxillary sacs could conceivably cause reflections off the top surface of the sacs to be directed toward the starboard side of the dolphin's head. Further research using numerical simulation of the kind performed by Aroyan et al., ͑1992͒ but with broadband signals is needed in order to resolve many of issues involved with sound propagation in the head of dolphins.
